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ABSTRACT 
 
The extracellular lipid matrix in the skin’s outermost layer, the stratum corneum, is crucial for the 
skin barrier. The matrix is composed of ceramides (CERs), cholesterol (CHOL) and free fatty 
acids (FFAs) and involves two lamellar phases: the short periodicity phase (SPP) and the long 
periodicity phase (LPP). To understand the skin barrier thoroughly, information about the 
molecular arrangement in the unit cell of these lamellar phases is paramount. Previously we 
examined the molecular arrangement in the unit cell of the SPP. Furthermore X-ray and neutron 
diffraction revealed a trilayer arrangement of lipids within the unit cell of the LPP [D. Groen et 
al., Biophysical Journal, 97, 2242-2249, 2009]. In the present study, we used neutron diffraction 
to obtain more details about the location of lipid (sub)classes in the unit cell of the LPP. The 
diffraction pattern revealed at least 8 diffraction orders of the LPP with a repeating unit of 129.6 
± 0.5 Å. To determine the location of lipid sub(classes) in the unit cell, samples were examined 
with either only protiated lipids or selectively deuterated lipids. The diffraction data obtained by 
means of D2O/H2O contrast variation together with a gradual replacement of one particular CER, 
the acyl CER, by its partly deuterated counterpart, were used to construct the scattering length 
density profiles. The acyl chain of the acyl CER subclass is located at a position of ~21.4 ± 0.2 Å 
from the unit cell centre of the LPP. The position and orientation of CHOL in the LPP unit cell 
were determined using tail and head-group deuterated forms of the sterol. CHOL is located with 
its head-group positioned ~26 ± 0.2 Å from the unit cell centre. This allows the formation of a 
hydrogen bond with the ester group of the acyl CER located in close proximity. Based on the 
positions of the deuterated moieties of the acyl CER, CHOL and the previously determined 
location of two other lipid subclasses [E.H. Mojumdar et al.,Biophysical Journal, 108, 2670-
2679, 2015], a molecular model is proposed for the unit cell of the LPP. In this model CHOL is 
located in the two outer layers of the LPP, while CER EOS is linking the two outer layers with 
the central lipid layers. Finally the two other lipid subclasses are predominantly located in the 
central layer of the LPP. 
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1. INTRODUCTION 
The skin protects us from the hazardous external environment by providing an essential barrier. 
In several inflammatory skin diseases, however, this barrier is impaired [1-6]. The physical 
barrier afforded by the skin is provided primarily by its outermost layer referred to as stratum 
corneum (SC) [7]. The SC consists of corneocytes (dead flattened cells filled with keratin and 
water) embedded in the lipid matrix. The corneocytes are surrounded by a cornified envelope 
which hampers the partitioning of molecules into the corneocytes. As a consequence, the 
intercellular lipid matrix is an important route for penetration of substances across the skin [8, 9].  
As the intercellular lipid domains in the SC serve as an important route for penetration of 
compounds, the lipid matrix plays an important role in the skin barrier function [10]. For this 
reason, it is essential to unravel the lipid organization. The C lipids assemble in two co-existing 
crystalline lamellar phases. The aim of this study was to provide details on the lipid arrangement 
on a molecular level in the unit cell in one of these lamellar phases. 
The main lipid classes in the SC are ceramides (CERs), cholesterol (CHOL) and free fatty acids 
(FFAs) in an approximately equimolar ratio [11-15]. The CERs consist of long acyl chains linked 
to a sphingoid base through an amide linkage. Currently 14 different CER subclasses are 
identified in human SC [14, 16-18]. These subclasses vary in molecular architecture of both the 
sphingoid base and acyl chain. Four of these CER subclasses have an exceptional molecular 
structure with a very long ɷ-hydroxy fatty acid chain ester linked to a linoleic acid, referred to as 
CER EO (acyl CERs). In human and pig SC, the CERs, together with CHOL and FFAs, form two 
co-existing crystalline lamellar phases. These two phases are referred to as the long periodicity 
phase (LPP) and the short periodicity phase (SPP) with a repeat distance of approximately 130 
and 60 Å, respectively [19-22]. Furthermore, it has been reported that the presence of CER EO is 
required for the formation of the LPP [23]. As the LPP is considered to be important for the skin 
barrier, the presence of CER EO in the lipid composition is an important factor in maintaining the 
skin barrier [24]. The importance of CER EO and the LPP for the skin lipid barrier has been 
demonstrated by studies performed with model membranes: the absence of CER EO hampers  the 
formation of the LPP and reduces the lipid barrier of these lipid membranes [25]. As this 
indicates that the LPP plays a crucial role in the skin barrier, it is thus important to unravel the 
molecular organization of the lipids in the unit cell of the LPP.  
Studies have been reported focusing on the lipid arrangement and molecular interaction of lipids 
in mixtures consisting of only 3-5 lipid subclasses using neutron diffraction [26-28]. Although 
these studies are of great interest and provide important information on the localization of lipid 
subclasses in the unit cell, often the lipid phase behaviour does not mimic that in SC. In our 
studies we focus on more complex mixtures that form a single lamellar phase that is also present 
in SC. In previous studies we examined the lipid organization in the unit cell of the SPP. The 
location of the most abundant CER subclass, ceramide non-hydroxy sphingosine with a chain 
length of 24 carbon (CER NS C24, the structure is provided in figure S1), the FFA with a chain 
length of 24 carbon atoms (C24, lignoceric acid) and CHOL in the unit cell of the SPP has been 
determined using neutron diffraction. Based on these results a molecular model for the SPP unit 
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cell was proposed [25, 29]. As far as the LPP is concerned, a few studies are also documented in 
the literature regarding the arrangement of lipids in the LPP [30, 31]. In one of these studies an 
asymmetric arrangement of the lipids in the unit cell is proposed. These studies were performed 
using cryo-electron microscopy combined with computer simulations. In the other study, using 
X-ray diffraction, a two-layer lipid arrangement is proposed in which CHOL is asymmetrically 
located near the outer border of each lipid bilayers in a 130 Å unit cell. In another study using X-
ray diffraction, a more detailed electron density profile could be constructed showing a 
symmetric trilayer arrangement of lipids in the unit cell of the LPP [32].  
In order to obtain the location of the lipid subclasses in the arrangement in the unit cell of the 
LPP, recently neutron diffraction studies were performed as well. In these studies, the water 
distribution in the LPP unit cell was determined. The water distribution confirmed a trilayer 
arrangement in the unit cell of the LPP [33]. In that study the location of two highly abundant 
lipids in the lipid mixtures forming only the LPP: CER NS C24 and FFA C24 are predominantly 
located in the central part of the unit cell. 
As CER EOS (one subclass of CER EO family, see supplemental figure S1 for the structure) is 
crucial for the formation of the LPP, it is important to locate CER EOS in the unit cell of the 
LPP. Therefore, in this study we focused on the location of CER EOS in the unit cell using 
neutron diffraction in combination with D/H contrast variation. The linoleate moiety (18 carbon 
atoms (C)) attached to the 30 C acyl chain of the CER EOS was perdeuterated. Furthermore, the 
molecular location of CHOL has also been examined. The CHOL molecules were deuterated 
either in the head-group region or in the tail of the molecule. First, the neutron scattering length 
density (SLD) profiles of the LPP were constructed using D2O/H2O and D/H (acyl chain CER 
EOS) contrast variation. Second, the location of the CER EOS linoleate moiety and the CHOL 
head and tail region were determined from their selectively deuterated counterparts. Finally, 
based on the position of these molecules together with the previously determined CER NS C24 
and FFA C24 positions, a molecular model for the LPP is proposed.   
            
2. MATERIALS AND METHOD 
2.1. Materials 
In this study the following synthetic CERs were used; the ester linked omega-hydroxy acyl chain 
(abbreviation EO, 30 carbons in the acyl chain (C30)) with a sphingosine chain (abbreviation S, 
C18) referred to as CER EOS (C30), a non-hydroxy acyl chain (abbreviation N, C24) linked to a 
sphingosine base (C18) referred to as CER NS (C24), a non-hydroxy acyl chain (C24 or C16) 
linked to a phytosphingosine base (abbreviation P) referred to as CER NP (C24) and CER NP 
(C16) respectively, an alpha-hydroxy chain (abbreviation A) linked to a sphingosine base referred 
to as CER AS (C24) and an alpha-hydroxy acyl chain (C24) linked to a phytosphingosine base 
referred to as CER AP (C24). The number in parentheses indicates the number of carbon atoms 
present in the acyl chain of the CERs. All the CERs were generously provided by Evonik (Essen, 
Germany). Palmitic acid (C16:0), stearic acid (C18:0), arachidic acid (C20:0), behenic acid 
(C22:0), tricosanoic acid (C23:0), lignoceric acid (C24:0), cerotic acid (C26:0), CHOL and 
deuterated water were obtained from Sigma-Aldrich Chemie GmbH (Schnelldorf, Germany). The 
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CHOL with head deuterated in the positions 2, 3, 4 and 6 (total 6 deuterium, d6-CHOL) and tail 
deuterated in the positions 25, 26 and 27 (total 7 deuterium, d7-CHOL) were obtained from 
Larodan (Malmö, Sweden). The CER EOS with its deuterated linoleate (total 31 deuterium, 
referred to as CER d31-EOS) was custom synthesized by Evonik (Essen, Germany) and kindly 
provided for this study. The molecular structure of the CER d31-EOS, d6-CHOL and d7-CHOL 
are presented in figure 1. Silicon substrates (cut from a wafer) were obtained from Okmetic 
(Vantaa, Finland). All solvents used were of analytical grade and supplied by Labscan (Dublin, 
Ireland). The water was of Millipore quality produced by Milli-Q water filtration system with a 
resistivity of 18 MΩ.cm at 25 °C. 
 
 
Figure 1: The molecular structure of the deuterated lipids. A) CER EOS with its linoleate moiety 
deuterated (bold part, total 31 deuterium atoms, CER d31-EOS). B) CHOL with its deuterated 
head-group region at position 2, 3, 4 and 6 (total 6 deuterium atoms, d6-CHOL). C) CHOL 
deuterated in the tail of the molecule at a position of 25, 26 and 27 (total 7 deuterium atoms, d7-
CHOL).   
 
2.2 Composition of the model lipid mixtures 
The model lipid mixtures were prepared from synthetic CERs, CHOL and FFAs in an equimolar 
ratio. The CER subclasses consisted of the following CER composition; CER EOS C30, CER NS 
C24, CER NP C24, CER AS C24, CER NP C16 and CER AP C24 in a 13.3:12.0:3.7:1.0:2.0:1.3 
molar ratio and is referred to as CERmix. This ratio resembles very closely the CER composition 
reported in the pig SC [34], except for CER EOS. This CER subclass is present at an increased 
level (4.9 molar % in case of pig SC vs 13.3 molar % in our present study). The FFA composition 
was prepared from seven FFA subclasses; C16:0, C18:0, C20:0, C22:0, C23:0, C24:0 and C26:0 
at molar ratios of 0.6:1.3:2.6:14.2:1.7:11.5:1.4. The composition of FFA mixture is based on the 
FFA chain length distribution reported for SC [35]. For preparing the deuterated lipid mixtures, 
the protiated CER EOS and CHOL were replaced by their deuterated counterparts.  
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To perform contrast variation, the level of CER d31-EOS varied at the expense of CER EOS 
keeping the total level of CER EOS constant. Five different molar ratios of CER d31-EOS/CER 
EOS has been prepared which corresponds to the 0 %, 25 %, 50 %, 75 % and 100 % of CER d31-
EOS in the lipid mixtures. The composition of the model lipid mixtures prepared with their molar 
ratios and the total number of deuterated atoms per lipid molecule and the abbreviations used for 
these particular mixtures are provided in table 1.  
Table 1: The lipid composition and molar ratios, the deuterated molar ratios and the total number 
of deuterated atoms per lipid molecule for the various lipid mixtures. The repeat distance with its 
standard error of all the lipid mixtures is also provided.  
 
Abbreviation Lipid composition and molar ratio Deuterated No. of deuterated  Repeating unit  
  (equimolar) molar ratio atoms per molecule D (Å) 
LIPsc* CERmix / CHOL / FFA 0 0 129.4 ± 0.5 
LIPsc-d31-EOS CERmix (CER d31-EOS)  / CHOL / FFA** 13.3 31 129.7 ± 0.3 
LIPsc-d6-CHOL CERmix / d6-CHOL / FFA 33.3 6 129.6 ± 0.3 
LIPsc-d7-CHOL CERmix / d7-CHOL / FFA 33.3 7 129.7 ± 0.4 
* The neutron diffraction profile of LIPsc has also been measured and published previously [33], 
but is also measured in this series of studies in each session as it serves as a control. **For 
contrast variation the ratio between CER d31-EOS/CER-EOS was varied.  
 
2.3. Preparation of the model lipid mixtures 
The sample preparation method and the equilibration procedure for all the lipid mixtures are the 
same as described previously [33]. Briefly, the appropriate amount of lipids was dissolved in 
chloroform/methanol (2:1 v/v) solution at 10 mg/mL concentration. Subsequently the lipids were 
sprayed on a silicon substrate in an area of 1.2 × 4.0 cm
2
 using a Camag Linomat IV sample 
applicator (Muttenz, Switzerland). After equilibrating the samples at ~70 ⁰C, the samples were 
cooled and subsequently hydrated with D2O/H2O buffer at 100 % relative humidity (RH) for 
about 15 hours for the first time at 37 °C prior to the neutron diffraction measurement.  
 
All the CER d31-EOS/CER EOS containing samples used for contrast variation were measured at 
100 % D2O/H2O. In addition, the LIPsc-d31-EOS sample were hydrated at additional four 
different D2O/H2O ratios; 8 %, 50 %, 66 % and 83 % D2O/H2O.  
 
The samples prepared with either d6-CHOL or d7-CHOL were all measured at three different 
D2O/H2O ratios namely 8 %, 66 % and 100 %. During the hydration steps the D2O/H2O ratios of 
the samples were randomized. The hydration period between two measurements was around 12 
hours.  
 
2.4. Neutron diffraction experiment 
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Neutron diffraction data were collected at the D16 cold neutron diffractometer of the Institute 
Laue-Langevin (ILL) located in Grenoble, France. The wavelength of the neutrons 4.75 Å was 
achieved by the reflection of a highly ordered pyrolytic graphite (HOPG) monochromator. The 
sample to detector distance was 0.85 m and all the samples were measured in the reflection mode. 
The samples were mounted on a goniometer placed in an aluminium chamber. The temperature 
of the chamber was maintained at 25 °C throughout the measurements. During the sample 
measurements, the bottom of the chamber was filled with the same D2O/H2O ratio as used for 
hydrating the sample, to maintain a 100 % RH at a constant D2O/H2O ratio. The measurement 
time per sample varied between 10 to 12 hours depending on the signal/noise ratio. The neutron 
scattering density was recorded by a position sensitive two dimensional 
3
He detector (320 × 320 
mm area with a spatial resolution of 1 × 1 mm). The samples were measured during a series of 
beam line sessions. In each session a control protiated sample equilibrated at 100 % D2O/H2O 
was also measured. In this way comparing the scattering length density profiles calculated for the 
protiated and partly deuterated samples are obtained from samples measured under the same 
circumstances.  
2.5. Data reduction procedure 
A water calibration measurement was performed to correct for the detector efficiency. An empty 
chamber was measured as background and subtracted from each measurement to increase the 
signal/noise ratio. For data analysis, the ILL in-house software LAMP was used [36]. During the 
measurements, the sample was rotated in steps of 0.1 degree from 0 to 10.5 degree to cover all 
the 8/9 diffraction orders and the detector images were taken at each step. For each diffraction 
order the peak intensity was integrated in a  range of 0.4 deg. (-0.2 to +0.2) around h the Bragg 
angle of the h
th
 order reflection to calculate the structure factor amplitude. For determining the 
repeat distances, the two dimensional detector image was vertically integrated along the detector 
axis (2θ) which results in one dimensional diffraction pattern of scattering intensities (I) vs 
scattering angle (2θ). Subsequently, the scattering angle is converted to the scattering vector (q): 

 sin4
q                 (1) 
In this equation, θ is the Bragg angle, λ is the wavelength of the neutron beam. The repeat 
distance (d) was calculated from the positions of a series of equidistant peaks attributed to the 
lamellar phase (qh), in which h is the diffraction order: 
   
hq
h
d
2
      (2) 
All the diffraction orders were fitted with the Gaussian function (  )(x ):  
caex
x




2
2
2
)(
)( 

    (3)
 
Here, c is the offset for the baseline correction. The structure factor amplitude |Fh| of each 
diffraction order was then calculated from the Gaussian peak height (Ih) by using the formula:    
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  hhh
LIAF        (4) 
The Lorentz correction (L) values were calculated and applied to correct for the intensities. The 
sample absorption correction factor (Ah) was calculated using the following equation [37]: 
  















sin
2
1
2
sin
1
l
h
e
l
A
   (5) 
Here µ represents the linear attenuation coefficient and l is the thickness of the lipid film. In a 
previous study the thickness of the lipid film was calculated to be 24 µm [29]. The attenuation 
coefficients were calculated using the wavelength of the neutrons in combination with the lipid 
density (~0.873 g/cc) and the chemical composition of the lipid films [38].  
Previously using D2O/H2O contrast variation, it was reported that the LPP unit cell is 
centrosymmetric [33]. The water layer structure factors are defined as the structure factors at 100 
% D2O/H2O minus the structure factors at 8 % D2O/H2O. The structure factor phase signs of the 
various diffraction orders of the LIPsc-d31-EOS, LIPsc-d6-CHOL and LIPsc-d7-CHOL samples 
were determined from the linear plot of the structure factors vs D2O/H2O ratios such that the 
difference between 100 % D2O/H2O and 8 % D2O/H2O corresponds to the correct phase sign for 
the water layer structure factor at that particular diffraction order. A more detailed description is 
given elsewhere [37, 39, 40]. In obtaining additional information on the location of CER EOS, 
the structure factor amplitudes were plotted as a function of CER d31-EOS /CER EOS with 
varying ratios between 0 % and 100 % for the various diffraction orders. To determine the slope 
of these diffraction orders, the phase signs of the structure factors derived from D2O/H2O contrast 
variation for LIPsc-d31-EOS have been used. The structure factor amplitudes for the various 
diffraction orders of all lipid mixtures measured at different contrast variation levels are provided 
in the supplemental table 1. The error in the structure factors is also provided. These were 
determined as described previously [29].     
The SLD profile  x  across the unit cell was calculated by Fourier reconstructions:  
     





 
 d
hx
FFx
h
h
h


2
cos2
max
1
0    (6) 
Here, x  is the direction normal to the unit cell surface and x = 0 is the centre of the unit cell. The 
scattering density per unit volume (F0) was calculated in order to put the data on an absolute 
scale. Using the chemical composition of the mixture and the mass density of the sample, the F0 
was calculated for each of the lipid compositions [41, 42]. The calculation of F0 for LIPsc-d31-
EOS is explained into more details in the supplemental materials. The data were then placed on a 
‘relative absolute’ scale [25, 43-45]; the known neutron SLDs of deuterium and hydrogen were 
used to scale the differences in such a way so that the area differences between the SLDs is equal 
to the SLD of the deuterium label, for instance, 7 deuterium difference in case of CHOL 
deuterated tail. The difference density profiles were then constructed by subtracting the protiated 
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profiles from the deuterated profiles. For the water profiles an absolute relative scale was not 
possible as in the unit cell no region is present with only water.  
 
3. RESULTS 
The lipid mixtures measured with neutron diffraction were either protiated or contained either 
deuterated CER EOS (18 C linoleate moiety is deuterated) or deuterated CHOL (deuterated in the 
head-groups or in the tail of the molecule, see figure 1). The repeat distance of all the lipid 
mixtures measured with neutron diffraction was calculated by a least square fitting method and 
are provided in table 1. The mean repeat distance of all the samples was calculated to be 129.6 ± 
0.5 Å. A one dimensional intensity vs q diffraction plot for LIPsc-d31-EOS is provided in figure 
2 showing the various diffraction orders. The pattern exhibit diffraction peaks attributed to the 
LPP and crystalline phase separated CHOL. No additional phases were observed. The protiated 
lipid mixture (LIPsc) has been reported previously [33]. In this lipid mixture, the water was not 
only present at the boundaries of the unit cell but also at two distinct regions inside the unit cell 
(~20 Å from the unit cell centre). In that publication we explained the determination of the phase 
signs of water in details. This is based on the contrast variation method described by Zaccai et al 
1975, Franks et al 1979 [37, 46]. Briefly, the D2O/H2O composition in various ratios has been 
used as a contrast method in order to determine the water phase signs assuming that the water 
molecules are located close to the hydrophilic head-group regions at the cell boundaries. This 
increment of D2O/H2O contrast in the head-group regions results in the phase signs of water - + - 
+ - + - + - for the first 9 diffraction orders. When plotting the structure factors as a function of 
D2O/H2O for various diffraction orders, a linear fitting was observed, indicating a 
centrosymmetry in the structure. Besides this combination of phase signs, all other possible phase 
signs were also used to calculate the corresponding water distributions. Those phase sign 
combinations, however, resulted in an unrealistic water distribution [33]. 
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Figure 2: Neutron diffraction one dimensional plot of intensity vs q for the LIPsc-d31-EOS 
hydrated and measured at 100 % D2O/H2O. The higher diffraction orders of the LPP lamellae are 
indicated by the Arabic numbers and the CHOL peaks by means of an asterisk.  
In the present study, we performed neutron diffraction measurements of the LIPsc-d31-EOS as a 
function of D2O/H2O contrast variation. A linear relationship in the structure factor amplitudes vs 
D2O/H2O contrast variation at five different D2O/H2O ratios for the various diffraction orders 
indicate a centrosymmetric lipid arrangement in the unit cell of the LPP (figure 3A). In addition, 
we also performed contrast variation as function of measurements for CER d31-EOS/CER EOS 
contrast variation. In these experiments the samples were all hydrated and measured at 100 % 
D2O/H2O. A linear relation between the structure factors of these samples as a function of CER 
d31-EOS/CER EOS was also observed, demonstrating a centrosymmetric structure (figure 3B). 
This demonstrates that not only water, but also the linoleate moiety of CER EOS is located 
symmetrically in the unit cell of the LPP.  
Having determined the phase signs for CER d31-EOS/CER EOS at 100 %, we proceed to use 
them as a starting point to determine the phases of other CER d31-EOS/CER EOS containing 
samples as follows: First the phase signs of the LIPsc-d31-EOS were determined from the linear 
plot as a function of D2O/H2O contrast variation, using the correct water layer structure factors 
for the various diffraction orders. These phase signs for the first 8 orders are + - - - + + - + (figure 
3A). Applying these phase signs to the CER d31-EOS/CER EOS contrast variation and assuming 
a straight line for each of the diffraction orders in the contrast variation plot in figure 3B results 
in the phase signs for the CER d31-EOS/CER EOS contrast variation samples (+ - - - + + - - for 
the first 8 orders). The structure factor phase signs at 0 % CER d31-EOS/CER EOS measured at 
100 % D2O/H2O were also determined in our previous study [33]. When comparing these phase 
signs, an excellent matching is observed (- + - + - + - + for the first 8 diffraction orders), see 
figure 3B.  
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Figure 3: Relative structure factor amplitudes of the various diffraction orders for the LIPsc-d31-
EOS mixture A) as a function of D2O/H2O exchange ratio and B) as a function of CER d31-
EOS/CER EOS contrast variation. The numbers in the plot indicate the different diffraction 
orders. 
Based on the structure factors in combination with the phase signs and using equation 6, the 
neutron SLD profiles in the unit cell of the LPP were constructed. Figure 4A (top) displays the 
SLD profiles of the LIPsc-d31-EOS constructed at 8 % and 100 % D2O/H2O. The difference 
between 8 % and 100 % D2O/H2O indicates the water profile (figure 4A, bottom plot); four 
elevated scattering density regions (two at the border and two inside the unit cell) are observed, 
indicating the positions of the hydrophilic head-groups in these regions. The position of the inside 
water regions in the net D2O/H2O profile is located at ~21 ± 0.3 Å from the unit cell centre 
(determined by Gaussian peak fitting procedure).  
        
Figure 4: A) The relative SLD profiles for the LIPsc-d31-EOS hydrated and measured at 8 % 
(top dashed line) and 100 % (top solid line) D2O/H2O. The difference plot between 8 % and 100 
% D2O/H2O shows the water profile (bottom solid line). B) The SLD profiles constructed for 0 % 
(top dashed line) and 100 % (top solid line) CER d31-EOS/CER EOS hydrated and measured at 
100 % D2O/H2O on a relative absolute scale. The difference between the SLDs indicated by the 
bottom solid line shows the position of the linoleate moiety in the LPP unit cell.  
Figure 4B depicts the SLD profiles generated for the CER d31-EOS/CER EOS
 
mixture at 0 % 
and 100 % when hydrated and measured at 100 % D2O/H2O. The difference profile between 0 % 
and 100 % CER d31-EOS/CER EOS shows the position of the linoleate moiety. This profile 
clearly indicates the maximum of the position of the linoleate in the LPP unit cell at ~21.4 ± 0.2 
Å from the unit cell centre. The positions of these maxima are co-incident with those of the water 
maxima in the unit cell. 
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Figure 5: One dimensional neutron diffraction plot of intensity vs q for the LIPsc-d6-CHOL 
(figure 5A) and LIPsc-d7-CHOL (figure 5B) hydrated and measured at 100 % D2O/H2O. The 
various diffraction orders of the LPP lamellae are indicated by the Arabic numbers and the 
CHOL peaks by means of an asterisk. Inset; the 1
st
 order diffraction pattern of the LIPsc-d6-
CHOL and LIPsc-d7-CHOL mixtures measured at different detector position. The 8
th
 order 
diffraction peak is not visible in the spectra, indicating the continuous form factor is zero at this 
point. 
 
In order to obtain further details on the molecular arrangement in the unit cell of the LPP, the 
location of CHOL (deuterated head-group and the deuterated tail region) in the LPP unit cell was 
also determined. Figure 5 displays the one dimensional diffraction patterns of the scattered 
intensity vs q plots for LIPsc-d6-CHOL (figure 5A) and LIPsc-d7-CHOL (figure 5B) mixtures. 
All the diffraction peaks show a slight peak asymmetry due to the large size of the samples 
relative to the sample-to-detector distance, and this is most evident at the lower q values. The 
linear relationship between the structure factor amplitudes of various diffraction orders vs 
D2O/H2O contrast of these two lipid mixtures are shown in supplemental figure S2. This linearity 
demonstrates that CHOL is also symmetrically located in the unit cell. Using the D2O/H2O 
contrast variation at 3 different ratios (8, 66 and 100 % D2O/H2O), the structure factor phase 
signs of the various diffraction orders in the diffraction pattern of the deuterated CHOL 
containing lipid mixtures were determined: the difference between 100 % and 8 % D2O/H2O 
correspond to the correct phase signs for the water layer structure factor at that particular order. 
The phase signs for the first 9 diffraction orders of the deuterated CHOL containing lipid 
mixtures are - + - + - + - + - respectively.        
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Figure 6: The neutron SLD profiles for the A) LIPsc-d6-CHOL and B) for LIPsc-d7-CHOL 
mixture hydrated and measured at 100 % D2O/H2O (top solid lines). The profiles for LIPsc 
mixtures at 100 % D2O/H2O are given in dashed lines (top). The difference profiles indicating the 
molecular position of the CHOL head-group and tail are shown in the bottom solid lines.  
To locate the molecular position of the CHOL in the unit cell of the LPP, the SLD profiles of the 
deuterated CHOL (head group or tail) were constructed and are presented in figure 6 (top); 
LIPsc-d6-CHOL (fig 6A) and LIPsc-d7-CHOL (fig 6B) along with protiated LIPsc profiles 
measured previously [33] and in our current studies. The difference density profiles for the 
deuterated CHOL were obtained by subtracting the protiated profile either from the profile of 
deuterated CHOL head or from the deuterated CHOL tail profile (shown in bottom solid lines). 
The difference profiles show the position of the CHOL in the unit cell of the LPP; CHOL head-
group resides slightly outward from the inside head-group regions at a position of ~26.0 ± 0.2 Å 
from the unit cell centre, with the CHOL tail ~42.0 ± 0.2 Å from the centre of the unit cell 
(determined after Gaussian peak fitting). Therefore, the total length over which CHOL is present 
in the unit cell is ~16 Å, similar to the length of CHOL.  
 
4. DISCUSSION 
In our work, we focus on the lipid organization in the SC as the lipids play a prominent role in the 
skin barrier function. In previous studies, we examined the lipid organization in SC and detected 
two lamellar phases, the LPP and SPP [19]. In subsequent studies using lipid model systems the 
role the lipids play in the SC lipid organization was studied and it was observed that CERs and 
CHOL are crucial for the formation of the lamellar phases [47-50], while FFAs enhance the 
formation of an orthorhombic lateral packing [35]. Furthermore, when focusing on the CER 
subclasses, CER EOS is crucial for the formation of the LPP [25]. 
In our recent studies, our aim was to elucidate the molecular arrangement of lipids within the unit 
cell of the two lamellar phases. First, we examined the molecular arrangement in the unit cell of 
the SPP [25, 29]. Using neutron diffraction in combination with contrast variation, it was possible 
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to locate CHOL and the most abundant CER and FFA in the unit cell of the SPP. The present 
study is a continuation of our research focusing on the arrangement of the lipid (sub)classes in the 
unit cell of the LPP.  
In previous studies the electron density profile of the unit cell of the LPP was determined using a 
sampling method based on variations in repeat distances of the LPP. This electron density profile 
indicates a three layer arrangement of the lipids in the unit cell [32], but the location of the lipid 
(sub)classes in this arrangement could not be determined. In a recent study using neutron 
diffraction we demonstrated a symmetric three layer arrangement very similar to that of the 
electron density profile obtained by X-ray diffraction [33]. In addition, the location of CER NS 
and FFA C24 in the unit cell of the LPP was determined. Both lipids are most abundantly present 
in the centre of the unit cell [33]. The aim of the present study was to determine the location of 
CER EOS and CHOL. These lipids are important building blocks of the LPP as it has been 
demonstrated that CER EOS and CHOL are both indispensable for the formation of the LPP [24, 
49, 50]. In order to be able to form exclusively the LPP, in the present study we increased the 
level of CER EOS in the lipid mixtures from around 5 %, the level approximately present in pig 
SC, to 13.3 % molar fraction [51]. Indeed at this elevated CER EOS level no SPP is formed and 
the diffraction peaks attributed to phase separated crystalline CHOL does not interfere with the 
diffraction peaks assigned to the LPP. The rationale behind choosing the CER composition is 
explained in more details in our previous study. Furthermore, the equimolar CER:CHOL:FFA 
ratio is based on the composition in the SC [15].  Important to mention is the low water content in 
these CER mixtures [26, 29, 52]. In general the level of water is only 1 to 2 water molecules per 
lipid molecule, contrasting the situation in phospholipid bilayer systems.  
 
4.1. Molecular model of the LPP 
Based on the location of the lipids determined in our current (CER EOS and CHOL) and previous 
(CER NS and FFA C24) studies a molecular model for the LPP lipid lamellae is proposed (see 
figure 7) [33]. In the previous publication it was shown that CER NS and FFA C24 is 
predominantly present in the center of the unit cell of the LPP with substantial interdigitation of 
the acyl chains [33]. In addition, there is a smaller fraction of the CER NS and FFA C24 also 
present starting at the unit cell border and extending into the outer cell layers. Because CER NS 
and FFA C24 primarily occupy space in the central lipid layer, it is expected that the CER EOS 
head group is located close to the unit cell border. The 30 C acyl chain of CER EOS extends from 
the unit cell border into the lipid layers adjacent to the cell boundary. Assuming a perpendicular 
orientation to the basal plane as a consequence, the ester group of CER EOS is located at around 
37 Å from the cell boundary, very close to the position of CHOL head-group region, which is in 
agreement with the obtained tail and head-group position of CHOL (see next paragraph, figure 7 
and figure 8). CHOL is not located in the central layer of the LPP. The location of CHOL and 
CER EOS is described in more details below.  
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Figure 7: The proposed molecular model of the unit cell of the LPP based on the location of 
lipids determined in our current and previous neutron diffraction experiments. The model is 
presented in fully extended conformation. However, the hairpin conformation is also possible, but 
then the structure is less flexible towards exchanging the position of lipids.     
 
4.2. Location of CHOL in the unit cell of the LPP 
The head and tail positions of the sterol molecule in the SLD profiles of the LPP unit cell 
demonstrate that CHOL spans a distance of ~16 Å in length (evident from Gaussian peak fitting 
of the SLD profiles of CHOL), indicating that the molecule is oriented almost perpendicular to 
the basal plane (a schematic drawing of the CHOL is provided in figure 8). The CHOL head-
group is located at a position of ~26 Å from the unit cell centre and this is around 38 Å from the 
unit cell boundary. Consequently the head group of CHOL is present in the same position as the 
ester bond of CER EOS (see next paragraph). This may allow the formation of a hydrogen bond 
between the –OH group of CHOL and the carbonyl group (C = O) of the CER EOS in this region. 
In this way the hydrophobic part of CHOL is arranged close to the saturated acyl chains of the 
CERs providing strong van der Waals interactions. In a previous study, an asymmetric 
distribution of CHOL near the outer border of the two lipid layers in the unit cell of ~130 Å was 
reported [31] – very close to the position of CHOL observed in the present study. However, due 
to the limited number of reflections used in that publication, the resolution of the electron density 
profile was limited which precluded observing the inner low electron density region, representing 
the central lipid layer in the LPP. This has been more thoroughly explained before (37). In 
another work relative intensities of the diffraction peaks were calculated from an electron density 
stripmodel using a two bilayer arrangement. Based on the relative intensities it was shown that 
the electron density arrangement were expected to be symmetric, in accordance with our 
observations [45]. 
 
4.3. Location of CER EOS in the LPP 
The maximum of the peaks attributed to LIPsc-d31-EOS in the difference profile of the SLD in 
the unit cell is located at ~21.4 ± 0.2 Å from the unit cell centre (evident from Gaussian peak 
fitting of the SLD profile as shown in figure 4B). This location of the SLD maximum of linoleate 
in the unit cell is approximately the same as the position of the inner head groups in the unit cell, 
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which are ~20 Å from the unit cell centre [32]. The CER EOS has 30 C in its acyl chain. The ɷ-
hydroxy moiety is ester linked to the 18 C linoleate chain, which contains two double bonds. If 
the head-group region of CER EOS is at the unit cell boundary, the 30 C acyl chain of CER EOS 
directing from the unit cell border into the direction of the centre of the unit cell extends ~37 Å 
(30 C × 1.25 Å) toward the unit cell centre terminating in the ester bond linking the linoleate. 
Based on the location of the ester bond, CER EOS linoleate extends ~7 Å (~5-6 C atoms) in the 
direction of the unit cell centre before it reaches the position of the highest SLD at the inner head-
group region (located at 20 Å from the centre and thus 45 Å from the unit cell border). This 
implies a total distance between EOS ester bond and the tails of the CER NS and FFA C24 of 
around 17 Å.  We assume that the CER EOS is located perpendicular to the basal plane, which is 
a realistic assumption because CHOL is located perpendicular to this plane. The linoleate located 
in this gap exists in a highly disordered state, which is evident from the high CD2 stretching band 
frequencies observed in the Fourier transform infrared spectroscopy studies with a deuterated 
linoleate moiety [53]. The linoleate chain, therefore, may wiggle around and also partly fold back 
at the position of the inner head-group regions and can compensate for two acyl chains directing 
from the opposite head-group regions. The location of the unsaturated linoleate moiety in the 
hydrophilic head-group region is unusual. However, such an arrangement may be supported by i) 
stabilization of CHOL that may form a hydrogen bonding with the carbonyl group, ii) due to the 
high conformational disordering of the linoleate, an entropic stabilization may also occur and iii) 
the hydrophilicity of the head-group regions is limited compared to phospholipid bilayers as the 
lipid matrix contain only 1-2 (bound) water molecules per lipid molecule, which limits the 
hydrophilicity of the head-group regions [29].   
 
4.4. Importance of unsaturation of the linoleate chain 
Some interesting observations are made: (i) Replacing CER EOS linoleate by CER EOS stearate 
(saturated chain) prevents the formation of the LPP [54]. Therefore, a high degree of mobility of 
the C18 chain is a prerequisite for the formation of the LPP. (ii) The (partially) folded linoleate 
chain in the inner head-group regions can compensate for the long chains of CERs and FFAs 
from the opposite direction, which extends the central region of the unit cell reaching the 
opposite head group region approximately at a distance of 10 Å, corresponding to a chain length 
of ~7-8 C atoms. As the gap between the ester bond of CER EOS and the CH3 groups of the 
extended CERs and FFAs is only around 17 Å, while a fully extended linoleate is around 23 Å in 
length, it is clear that there must be some conformational disordering and/or folding back of the 
linoleate moiety.  
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Figure 8: A schematic drawing of the position of CER EOS and CHOL in the unit cell of the 
LPP. The positions are based on their difference profiles in the LPP unit cell: thin line, CHOL 
head deuterated and thick line, CHOL tail deuterated. The dashed line indicate LIPsc profile at 
100 % D2O/H2O. Note that, the position of the CER EOS linoleate moiety is approximately at the 
same position of inner head-group region of the LIPsc profile (~21 Å from the unit cell centre). 
This is also the location of inner water molecules within the unit cell. 
 
4.5. Further evidence for the proposed location of CER EOS and CHOL in the LPP 
Besides CER EOS, CHOL also plays a key role in the formation of the LPP. Previous studies 
demonstrate that in the absence of CHOL the lipids do not adopt the LPP structure [49, 50]. 
These studies indicate that there is a minimum CHOL content required for the formation of the 
LPP, corresponding to a CER/CHOL/FFA mole ratio of 1:0.2:1, which gives a CHOL/CER EOS 
ratio of 1:2. Furthermore, these data also suggest that CHOL not only participates in the 
formation of the LPP, but also increases the packing density of the lipids in the LPP. Our neutron 
diffraction studies show that CHOL is located in the outer layer of the LPP with its head-group 
close to the inner head-group region of the LPP. The positioning of CHOL in this region can fill 
the gap between the inner head group and the chains of the sphingoid base of CERs and FFAs 
directing from the unit cell border and may provide increased density in the structure. 
Further information obtained from several other studies also supports our proposed model. i) 
Recently, we observed that the LPP can also be formed using a lipid mixture of less complex 
composition. Only four lipid (sub)classes are required, that is CER EOS C30, CER NS C24 
(0.4:0.6 molar ratio), CHOL and FFA C24 in which the CER/CHOL/FFA are in an equimolar 
ratio [50]. This indicates that a variation in the head-group architecture of the CER subclasses is 
not required for the formation of the LPP and therefore a model composed of these four lipid 
classes as in figure 7 is sufficient to show the arrangement. ii) The maximum level of CHOL that 
can be incorporated in the LPP is 0.5 molar ratio in the CER/CHOL/FFA (1:0.5:1) mixture [50], 
while a minimum level of 0.2 molar CHOL is required for the formation of the LPP. This reflects 
certain flexibility in the amount of CHOL that can be incorporated in the crystalline LPP. In 
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addition, in the equimolar CER/CHOL/FFA lipid mixtures, we observed that a gradual increase 
in CER EOS level results in a gradual increase in the repeat distance of the LPP (unpublished 
results). This can be explained by the formation of domains of CER EOS surrounded by CHOL 
interacting with the ester bond of CER EOS (figure 7). The partial folding back of the linoleate 
will fill the gap between the hydroxy group of CHOL and the terminal CH3 groups of CER NS or 
FFA present in the central lipid layer. When the level of CER EOS is gradually increased keeping 
the CHOL level constant, the domains are enlarged and no additional CHOL is required for the 
formation of the LPP, demonstrating a certain flexibility of the LPP with respect to its 
CHOL/CER EOS ratio in agreement with the observations. Furthermore, when increasing the 
level of CER EOS the average additional space for each linoleate moiety provided by the gap 
between the terminal CH3 groups of CER NS or FFA and the hydroxy group of CHOL will be 
reduced. Therefore to create sufficient space for the linoleate an increase in repeat distance is 
required when increasing the level of CER EOS. iii) As depicted in figure 7, when performing 
studies with only FFA with a chain length of 24 C atoms, CER NS and CER EOS, the CHOL is 
in an FFA rich (horizontal) layer within the unit cell. In recent studies we observed that the level 
of FFA is very crucial for the solubility of CHOL (unpublished results). At low FFA levels, the 
LPP can be formed, but a substantial amount of CHOL phase separates, increasing the FFA level 
reduced the level of phase separated CHOL drastically, but does not change the formation and 
repeat distance of the LPP in accordance with our molecular model.  
 
5. CONCLUSIONS 
In the present study using neutron diffraction, we determined the position of lipids in the unit cell 
of the LPP. The neutron diffraction reveals the position of CER EOS linoleate and CHOL in the 
~130 Å repeating unit: the linoleate moiety is located at the position of the inner head-group 
regions of the LPP in a highly disorder state while CHOL is located in the outer layer but close to 
the inner head-group regions of the LPP. The results obtained from our current and previous 
works provide information on the molecular arrangement of lipids in the unit cell of the LPP and 
SPP. This information will be beneficial to future studies, allowing detailed studies of the 
molecular location of other molecules (drug compounds, moisturizers etc.) in the unit cell of 
these lamellar phases and thereby affording greater insight into the interaction of these agents 
with the SC lipids. 
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